This paper addresses the differences in the extent of clogging associated with fine particle transport in soils and geotextiles. A common experimental set-up was designed for soil and geotextile filtration. Tests were conducted using a nonwoven, needle-punched geotextile filter sample permeated with fine particle suspensions under constant flow rate. The results were compared with those from similar experiments using soil filters. Geotextile clogging was modeled using an extension of a soil-clogging model. The experimental results assisted in the evaluation of the critical velocity of particle deposition in geotextiles. Comparisons were made between the soil and geotextile clogging models for a better understanding of the clogging mechanisms. It is estimated that the critical velocity for geotextiles is on the order of 10 .3 cm/sec, considerably less than the corresponding value for filter soils (10 l cm/sec). Comparison between soil and geotextile filters shows the geotextile provides a better filtration function without excessive clogging for the same types and sizes of particle concentrations. The modeling simulation showed that both particle numbers and sizes should be considered instead of mass-based concentrations alone in order to estimate the extent of physical clogging.
INTRODUCTION
Clogging is a concern when soils and/or geotextiles are used as filters and drainage layers in-situ, where colloid-sized particles of various sizes migrate in the pore stream. Typically, particle transport mechanisms in geotextiles are divided into three categories: clogging, blocking, and blinding or bridging (Hoare, 1982; Lawson, 1982; Rollin and Lombard, 1988; Christopher and Fischer, 1992) . Clogging refers to filtration of very small particles relative to the pore sizes of geotextiles, where they Doctoral Res. Asst., Dept. ofCiviI Engrg., Seaton Hall, Kansas State Univ., Manhattan, KS 66506. E-mail: mingxiao@ksu.edu are carried into a porous structure. Blocking refers to the phenomena when coarse particles migrate to the upstream face of the filter and locate themselves at the entrance of the pores. Blinding/bridging refers to the mechanism occurring when coarse particles retained by the upstream side of the geotextile intercept fines migrating from the soil in such a way that an impervious layer is established upstream of these coarse particles. The three mechanisms in geotextiles are analogous to the mechanisms in soil filters, which were addressed as straining and nonstraining (McDowell-Boyer et al., 1986; Reddi, 1997) .
A number of experimental investigations on clogging mechanism in geotextiles have been conducted Koerner, 1991, 1992; Palmeira et al., 1996; Chin and Nikraz, 1996; and Bhatia et al., 1998) . These laboratory works led to the current filtration and clogging criteria. Unfortunately, modeling investigations in this field appear to be rare, compared with the experimental investigations. In this paper, a simple model to simulate particulate clogging was extended from a proven soil filter-clogging model (Reddi et al., 2000) , using the probability of capture concept (Stein, 1940; Rege and Fogler, 1988) and Kozeny hydraulic radius model (Scheidegger, 1974; Garcia-Bengochea et al., 1979) . The results from the model were used in conjunction with experimental results on a selected geotextile filter to understand geotextile clogging relative to soil clogging.
EXPERIMENTAL INVESTIGATION

Materials" and Methods"
Fig. l Experimental set-up for fine particle clogging.
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A common experimental set-up was designed to study fine particle clogging in both geotextile and soil filters, as shown in Fig. 1 . The influent was prepared in a suspension tank at desired particle concentration. To keep the suspension uniform, two electrical stirrers were used throughout the testing. The flow cell consisted of either a concrete filter sand (Flow cell 2 in Fig. 1 ) or a non-woven needle-punched geotextile (TG1000: Thickness, 155 mil; AOS, 0.15 mm; Permittivity: 0.6 /sec; Water permeability, 0.2 cm/sec) (Flow cell 1 in Fig. 1) . A programmable pump supplied continuous flow at a constant rate into the chamber. In order to reduce the pulses generated by the pump, the sample chamber and the pump were connected via a dampener. A magnetic stirrer located underneath the dampener prevented particle settlement. A differential pressure transducer was used to monitor the hydraulic head difference at the ends of the flow cell, which was recorded using a data acquisition system. In the case of geotextile filtration, two magnetic stirrers were located on either side of the filter to prevent particle settling.
Filtration in geotextiles depends on several factors including the fiber size(s), fabric structure, porosity, and the percent open area (POA) (Prapaharan et al., 1989) . Pore size distribution of geotextiles has been widely studied (Prapaharan et Elsharief and Lovell, 1996) . Currently, there are many techniques available to test the pore size distribution (PSD), including image analysis, wet sieving method, bubble method, liquid extrusion method, capillary flow technique, and the mercury intrusion porosimetry technique. There are also theoretical equations available to determine the PSD (Lombard, 1985; Faure, 1988 ; and Vermeersch 1997) based on geotextile parameters. (pm) vs. incremental pore volumes (ml/g). The pore length was assumed to be equal to the geotextile thickness, and the PSD was derived in terms of pore diameters vs. number of pores per unit pore volume, as shown in Fig. 2 . As a comparison, the PSD of concrete filter sand was also plotted, which was obtained using Haines method (Rowell, 1993) .
Polystyrene microspheres were used in the influent to permeate the geotextile and sand filters. Their size distribution was shown in Fig. 3 . It was obtained using a Coulter particle analyzer, which employs electrical impedance method to determine accurate particle size distributions and particle population numbers within the size range of 0.4 to 1200 microns. 
Results
In the case of geotextile filtration, little pressure change across the flow cell was observed for the two influent particle concentrations, 0.5 g/liter and 1.0 g/liter, and for the two constant flow rates of 40 ml/min and 100 ml/min. The fine particles seemed to pass the geotextile without depositing onto the pore walls of the filter. A representative experimental curve showing the reduction of normalized permittivity (ufl~g 0) due to particle clogging is shown in Fig. 4 . Using the same particles at the same concentration and flow rate, dramatic clogging was observed in the case of concrete sand filters (Fig. 5 ). This could be explained based on a comparison of the PSDs of geotextile and sand shown in Fig. 2 . The geotextile filter had a larger number of bigger pores and larger porosity (n = 0.81) than the soil (n = 0.28). The vast difference in clogging behavior could also be attributed to the differences in tortuosities of soils and geotextiles, which influence particle deposition. For relatively small particles, compared with the pore sizes of the geotextile, the deposition probability is less, which will be addressed theoretically in the modeling section below. Kaolinite particles were also used in the testing. smaller than the polystyrene microspheres. Predictably, no noticeable clogging was observed in the case of geotextile filtration; however, Kaolinite particles led to noticeable clogging when concrete sand filter was used. These differences between soil and geotextile clogging are better understood with the help of the mathematical model discussed next. 
MODELING INVESTIGATION
Concepts
The model originally developed for soil filters (Reddi et al., 2000) was extended to geotextiles in this paper. The filter was modeled as an ensemble of parallel capillary tubes of different diameters. A representative elemental volume (REV) of geotextile with length equal to the thickness of the geotextile, was used to simulate the particle clogging process. To estimate the permeability, the Kozeny hydraulic radius model was adopted, which is expressed as (Scheidegger, 1974 1
where k = permeability, Cs = a shape factor, which is equal to 1/32 for cylindrical pores, n = porosity, y = unit weight of water, ~ = absolute viscosity of water, d, = ith pore diameter, and f(di) = volumetric frequency of the pore group d~ The change in pore structure as a result of clogging will be reflected in the two parameters, n and di.
As with the Poiseuille equation, this equation is suitable to represent permeability of coarse-grained materials, which lend themselves to be adequately represented by capillary tubes.
The new pore radius after particle deposition was derived under constant flow rate, based on Happel and Brenner's formulation (1973) for gradient changes caused by particle accumulations in cylindrical tubes:
where M = number of different migrating particle sizes, and rio and rH refer to the radii before and after the deposition respectively. K(aj, r 0 is an empirical function depending on particle and pore sizes, expressed as 
where O0 = a constant dependent on ionic conditions, taken to be 3.0 as suggested by Rege and Fogler (1988) for a fluid with no salts present, v(r~) = velocity of flow in the pore tubes, and vc, = a critical velocity beyond which the hydrodynamic force is so high that no particle deposition is likely. For filter soils, vc, is close to 0.1 cm/sec (Reddi et al., 2000) .
Model Application
Due to the differences in pore structures of soils and geotextiles (Fig. 2) , the criticat velocity vcr could be different for the two materials. Although this parameter was well investigated in the context of deep bed filtration and soil filters (Rege and Fogler, 1988; Reddi et al. 2000) , the range of its variation is not known for geotextiles. The experimental observations shown in Fig. 4 indicate very slight permittivity reduction. Apparently, the critical velocity used in sand filter modeling (0.1 cm/s) does not simulate geotextile filtration well. The modeling predictions are closer to experimental results when vc, was chosen to be as low as 0.005 cm/sec.
Model predictions for geotextile and soil clogging are shown in Fig. 5 for two different influent particle concentrations. The comparison shows clearly that the nonwoven needle-punched geotextile filter provides a better filtration function than the sand filter. It can be seen that the particle concentration did not play a big role in filter clogging. However, this finding should be interpreted carefully as discussed below, since particle concentration may not be as important a parameter as the size and number of particles. Fig. 6 shows the effects of the size and total number of particles in the clogging process, for the same mass-based particle concentration (lg/liter). With the original particle size distribution shown in Fig. 3 , the permittivity showed insignificant reduction. When uniform particles with radius of 50 microns were used, without changing mass-based concentration, the total number of particles is very low (1819/cc). Yet, since the particle size is comparable with pore sizes, the geotextile clogged considerably with blocking happening at some pores (as indicated by the steep decline of the normalized permittivity). If uniform particles, 2 microns in radius, are used with the same mass-based concentration, the total number of particles increases dramatically, to 28240500/cc. In this case, although the particle size is small and for each particle the probability of deposition is quite low, the total number of particles dominates the clogging process, and compensates for low depositional probabilities. Thus, the modeling prediction shows an even greater reduction in the permittivity for 2-micron sized particles than for 50-micron sized particles.
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Results shown in Fig. 6 suggest that mass-based particle concentration could not adequately indicate the extent of clogging; both particle sizes and total number of particles play important roles, and neither should be neglected.
CONCLUSIONS
From the experimental and modeling investigations of the geotextile and sand filter clogging, the following conclusions are drawn: 1. Critical velocity of particle deposition in geotextiles is much smaller than that in soils. For the non-woven needle punched geotextile used in this study, it is estimated that the critical velocity is of the order of 10 -3 cm/sec, while for soil filters, it was estimated to be about 0.1 cm/sec. 2. Comparison between soil and geotextile filters for a specific influent particle suspension shows that the geotextile provides a better filtration function without excessive clogging. 3. Mass-based particle concentrations cannot be used to estimate the extent of physical clogging. For a given concentration, different sizes and numbers of particles could cause significant differences in clogging. Therefore, both particle sizes and total number of particles should be considered. The modeling work and experimental investigations discussed in this paper are still in progress. Even though the last conclusion is also shown to be valid in the case of soil clogging, uniform particles with radii of 50 microns and 2 microns under the same mass-based particle concentration should be used in the experiments to further verify the model-based conclusion.
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